Regulation of animal oocyte maturation is hypothesized to involve heterotrimeric G-proteins. It is difficult to test this hypothesis though without knowing what G-proteins are present in these cells and where are they localized. We set out to test the hypothesis that G-proteins regulate maturation in the sea urchin oocyte by identifying resident G-proteins in oocytes and eggs, and then investigating their function. We find four families of G-protein a-subunits (Gai, Gaq, Gas, and Ga12) present in both oocytes and eggs of the sea urchin. Three of them, Gai, Gaq, and Gas are present on the plasma membrane of the oocyte, while the fourth is located on cytoplasmic vesicles. Upon oocyte maturation, these proteins remain in eggs, and continue to be expressed in embryonic tissues. To test the functional contribution of the G-proteins to the regulation of oocyte maturation, we employ specific intervening reagents, including antibodies and competitor peptides to each Ga subunit, and specific Ga toxins. We find that Gi is a main candidate for a positive regulator of sea urchin oocyte maturation. These studies provide a foundation to further test specific hypotheses of the G-protein mediated regulation of oocyte maturation, fertilization, and early development in the sea urchin.
Introduction
The molecular mechanisms regulating oocyte maturation have been essential for understanding general features of cell cycle regulation and signal transduction. Oocytes of a majority of species are arrested at prophase of the first meiosis and spend their entire growth phase in a state analogous to the G2/M transition of a mitotic cell cycle. The full-grown oocyte requires a specific mitogenic signal for the reinitiation of meiosis. The signaling pathways activated by the mitogen then translate into activation of maturationpromoting factor (MPF, a complex of cyclin B and cdk1), a universal regulator of mitosis and meiosis. Although the full pathway is still unknown, a large number of signaling mechanisms and molecular messengers have been implicated in these processes. The nature of the signal prompting oocyte maturation could be a positive stimulus received by the oocyte, or removal of a repressor inherent in the oocyte or in the ovary to maintain its prophase arrest. Evidence in support of a positive stimulus mechanism includes hormones identified in a variety of organisms, such as 1-methyladenine (1-MA) in starfish (Kanatani, 1969) , or progesterone in frogs (reviewed in Masui and Clarke, 1979; . However, oocytes of a number of species will spontaneously resume meiosis upon removal from the ovarian tissues, supporting the existence of repressors as well. It is presently unclear whether repressors utilize the same signal transduction pathway as hormone-mediated stimulation of meiosis. Among the many proposed activators and repressors are heterotrimeric G-proteins (starfish), receptor tyrosine kinases (Caenorhabditis elegans), calcium, and cytoplasmic cAMP levels.
Heterotrimeric G-protein complexes form by association of three subunits: alpha, beta, and gamma (Neer, 1995; Hamm, 1998) . Ga is the catalytic subunit of the complex (GTPase), while b and g lack enzymatic activity and form a dimer that only dissociates under denaturing conditions. The inactive state of a G-protein represents a heterotrimeric complex with an a subunit in a GDP-bound form. The G-proteins are generally activated by ligand-bound seven transmembrane receptors by exchanging Ga-bound GDP for GTP, although alternative activators have been reported as well (Takesono et al., 1999; Hallak et al., 2000; Dalle et al., 2001) . Upon activation, Ga dissociates from the bg complex. Free GTP-a and free Gbg diffuse in the plane of membrane and interact with their respective effectors, regulating their activity. Both Ga and Gbg remain associated with the plasma membrane since they are covalently modified by lipids embedded in the bilayer: Ga subunits are myristoylated and/or palmitoylated, and Gg subunits are isoprenylated (Dunphy and Linder, 1998) . Intrinsic GTPase activity of the Ga is stimulated by interactions with effector and regulator proteins, and eventually leads to hydrolysis of bound GTP. Upon GTP hydrolysis by Ga, it returns to the inactive GDPconformation and reassociates with bg, thus concluding the activity cycle. This heterotrimeric complex is now once again competent for association with the cognate G-protein coupled receptor (GPCR). The specificity of GPCR coupling is determined by the Ga subunit, the last seven amino acids of the Ga being the most critical (Hamm, 1998) . This interaction of heterotrimeric complex with GPCR in a cell is subject to extensive regulation. For example, phosphorylation of GPCR by a number of kinases results in a marked decrease of the receptor-stimulated GTPase activity and is also referred to as receptor desensitization (reviewed in Luttrell and Lefkowitz, 2002) .
Ga subunits interact directly with upstream signaling components, and are represented by four main families: Gas, Gai, Gaq, and Ga12 (Mumby, 2000) . The diversity of b and g subunits is less pronounced. Functional properties of the Ga subunits belonging to the same class appear to be partially overlapping, and multiple members of each Ga protein family have been found in vertebrates. Different Ga subunits have distinct sets of intracellular targets, and sometimes have opposing effects on the same targets. For example, Gas and Gai both target adenylyl cyclase, but Gas activates this enzyme while Gai inhibits it. Thus, both Gi and Gs being active at the same time, inhibition of Gi activity might cause a target enzyme activity to increase, whereas inhibition of Gs activity would cause it to decrease.
Two alternative models explain G-protein input into the regulation of oocyte maturation. First, G-proteins may actively maintain the prophase arrest of the oocytes. Evidence from mouse and Xenopus is in support of this model . Prophase arrest in these vertebrate oocytes appears to be sustained by Gs signaling targeting adenylate cyclase, which produces cAMP inhibitory to meiotic resumption, and is mediated by both Ga and bg subunits released upon the activation of the heterotrimeric complex (Lutz et al., 2000; Mehlmann et al., 2002; Romo et al., 2002; and reviewed in Voronina and Wessel, 2003) . Reversal of the prophase arrest in frog oocytes, however, appears independent of activation of another heterotrimeric G-protein. In other animals, G-proteins may be involved in releasing the oocytes from an arrest inherent within the oocyte. For example, in starfish, progression of an oocyte into meiotic divisions is dependent upon activation of Gi and release of bg subunits (Jaffe et al., 1993; Chiba and Hoshi, 1995; Thomas et al., 2002) . In contrast, protostomes do not appear to utilize G-protein signaling in control of oocyte maturation. Instead, animals like C. elegans appear to utilize 'relief of inhibition' from receptor protein tyrosine kinase signaling (Miller et al., 2003) . Therefore, G-protein regulation of oocyte maturation might be unique to deuterostomes.
The sea urchin is a very useful experimental model for the studies of fertilization and early embryogenesis, yet the regulation of meiotic maturation in this species is largely unexplored. Studies of this basal deuterostome could help in understanding the general aspects of oocyte maturation, providing an opportunity to compare and contrast meiotic induction with the phylogenetically related starfish. A significant advantage of using the sea urchin to study G-protein-mediated signaling is that redundancy (or representation of protein families by multiple members) in this organism appears to be less pronounced than in mammals (Conner and Wessel, 2001 ), in addition, we now have a tractable system for oocyte maturation in the sea urchin. Sea urchin oocytes possess a significant stock of cyclin B-cdk1, which is activated upon the release from meiotic arrest . We are now interested in understanding the upstream events of this transition and testing whether heterotrimeric G-protein signaling is of importance to its regulation. No homologues of Ga subunits have been cloned from the sea urchin to date, and the data are scarce as to which G-proteins are present in sea urchin oocytes and eggs. Our characterization and functional analysis of G-proteins presented here suggest that Gi signaling is the best candidate regulator of sea urchin oocyte maturation.
Results

Identification of Ga homologs in sea urchin oocytes
To generate suitable reagents for testing G-protein function in oocyte development and maturation, we first sought to identify Ga subunits in sea urchin oocytes and eggs. By a combination of degenerate PCR screens and extensive low-stringency plaque hybridization, we have identified four different Ga families from two species of sea urchin: Strongylocentrotus purpuratus and Lytechinus variegatus (Fig. 1) . The cloned Ga subunits are full-length based on the presence of stop codons both upstream and downstream of open reading frames and based on sequence homology with previously identified members of the subfamilies. Sea urchin Ga subunits clearly segregate into four previously defined major Ga families (Fig. 1E) and only a single representative was identified for each class of subunits from both sea urchins. This is in contrast to vertebrate Ga gene families, where multiple genes comprise each of the four main Ga families (Fig. 1E) . The cloned Ga subunits are quite similar between the two species of sea urchin that we analyzed, the amino acid identity levels being 100% for Gai, 98.9% for Gas, 96.6% for Gaq, and 93.1% for Ga12 (Fig. 1) . These levels reflect the overall similarity of sequences within each respective family of Ga subunits-the Gai family being very conserved, and the Ga12/13 family being the most divergent (Fig. 1E) . Our approaches do not exclude the possibility that there are more types of Ga subunits in sea urchin; indeed, recent advances in the sequencing of S. purpuratus genome already identified an additional Ga subunit isoform, Gao.
1 Nevertheless, we did not find additional Ga subunits expressed in the ovary and the definite number of Ga subunits possessed by the sea urchin will only emerge with the full sequencing of its genome.
Characterization of Ga expression
Northern blots detect low amounts of each G-protein mRNAs in the ovarian tissues compared with eggs, or later embryonic stages (Fig. 2) . None of the subunit's mRNA appeared to be transcribed exclusively in the ovary, which is consistent with these proteins functioning throughout the organism's life. The low levels of Ga mRNAs detected in the ovary by Northern blots are due to a relatively low sensitivity of this technique; expression of Gaq mRNA can be detected in the ovary samples with overexposure of the Northern blots and by RT-PCR (data not shown). The increase in the amounts of Ga mRNAs from the egg to the larval (pluteus) stage may reflect the increased demand for membrane-associated subunits with the increase in the number of cells during the development of the embryo, resulting in the increase in the membrane surface area.
Northern blots detected two forms of Gaq mRNA in the mature egg RNA population (Fig. 2B) . One of the mRNA species, a shorter 3.5 kb-type, appeared specific to the mature egg, while the other was present in later embryonic stages as well. We have identified this difference within the 3 0 -UTR representing 'long 3 0 -UTR' and 'short 3 0 -UTR' forms of Gaq mRNA. These differences do not affect the open reading frame, and only appear after about 1 kb of identical sequence of the 3 0 -UTR. The presence of multiple transcripts for Gaq appears to be typical, as it has been documented for Xenopus embryos (Rizzoti et al., 1998) and may function in translational regulation.
To characterize Ga protein expression, we raised or obtained antibodies to the C-terminal peptides of isolated Ga subunits. Using these peptides as antigens is advantageous since they define the contact surface between a Ga subunit and its corresponding receptor, and determine the specificity of coupling to the upstream activator. Consequently, they are distinct between each Ga subunit class, but conserved within each class, and are identical in the sea urchin Ga orthologs (Fig. 1) .
Each of these antibodies detects specific bands in embryo lysates (around 40 kDa) corresponding to the open reading frame of the cloned Ga subunits (Fig. 3) . The immune signal is specifically competed by preincubation of the antibodies with the antigenic peptides (lane 'pa') and the specific bands corresponding to the Ga subunits are not detected by preimmune serum (data not shown). We also tested the preabsorbed sera by immunolocalizations (see below), which show that the additional background bands seen in immunoblots are not detected in situ. The results show that protein expression levels of Gai increase with embryonic development, the levels of Gaq protein decrease after gastrula, and the levels of Gas protein peak during blastula. The levels of Ga12 protein appear relatively constant throughout early development, so that it might be effectively 'diluted' with the increase in the surface area during cell divisions.
Immunolocalizations with these antibodies in sections of ovary reveal that all four subunits are expressed in the ovary, and present in oocytes of all growth stages ( Fig. 4A -D) . Signal is absent in sections treated with preimmune sera (Fig. 4E) , and is depleted by preadsorbing the sera with specific peptide antigens (Fig. 4F ). The Ga12 immunolabeling pattern is granular throughout the cytoplasm, but it does not correspond to the distribution of any known oocyte vesicular marker such as hyalin (cortical granules), fluorescent dextran (endocytic vesicles), or major yolk protein (yolk platelets; data not shown). In contrast, the granular staining of Gai, Gaq, and Gas (Fig. 4) is associated with the cortical granules (secretory organelles, produced by the oocyte, and exocytosed by the egg at fertilization; Voronina and Wessel, unpublished observations) . In addition to this organelle association, Gai, Gaq, and Gas (but not Ga12) are each associated with the plasma membrane of the oocytes, so that they may potentially mediate signaling leading to oocyte maturation. Therefore, we subsequently focused on testing the function of Gi, Gq, and Gs in the regulation of oocyte maturation.
Ga proteins' function in oocyte maturation
Sea urchin oocytes dissected from the ovary and cultured in vitro enter meiosis spontaneously and asynchronously (Berg and Wessel, 1997) . To assess functional involvement of G-protein-mediated signaling in the initiation of this spontaneous oocyte maturation, we performed microinjections of various reagents specifically interfering with the function of Ga subunits. For the following experiments, we scored the percentage of explanted oocytes entering meiosis (as assessed by germinal vesicle breakdown, or GVBD) in control and treated groups. Oocytes obtained from different individuals enter maturation with different rates depending on the state and reproductive cycle of the donor. Furthermore, the size of the oocyte is a distinct indicator of the ability of the oocyte to enter meiosis in vitro (Fig. 5) . To decrease the variability introduced by this factor in our Phylogenetic tree of the G-protein a subunit family. Using the Ga12/13 group as an outgroup, the tree was inferred by the neighbor-joining method (NJ) experiments, we only utilized oocytes over 100 mm in diameter and analyzed only the data of the trials where control oocyte maturation satisfied the preset criteria: detectable GVBD at 5 h of culture and . 50% GVBD at 20 h of culture.
To test Ga function, use of antisense oligonucleotides to deplete the G-proteins is not a feasible approach since the proteins are already present in the oocytes, the oocytes are only cultured for up to 20 h, while in mammalian cells, the t 1=2 of Ga turnover is approximately 18 h (Shapira et al., 1998 , and references therein). We, therefore, relied on targeted modulation of G-protein function by using toxins as well as inhibitory antibodies and peptides to interfere with the activation of specific G-proteins. These types of reagents have shown great efficacy in a diverse array of cells (Rasenick et al., 1994; Gilchrist et al., 1998; Manning, 1999) .
We found that in vitro oocyte maturation could be stimulated by activation of Gi (Fig. 6 ). To achieve Gi activation, we used mastoparan (mas7), a bee venom toxin that in in vitro assays selectively activates Gi and Go, but not Gs (Higashijima et al., 1990 ). Since we did not find Gao expressed in the sea urchin oocytes, we attributed the observed effects to activation of Gi signaling. The time of the cellular response to applied hormone can vary significantly among different animal groups. For example, it only takes 20 min for a starfish oocyte to respond to 1-MA application by breaking down its germinal vesicle (Kishimoto, 1999) , while in Xenopus laevis it takes 2-3 h (in a PMSG-primed animal) or 6 -10 h (in an unprimed animal) from application of progesterone to the GVBD. At this time, we do not know the natural meiosis-inducing substance in sea urchins, and accordingly do not know the natural time frame of the oocyte's response to the maturation stimulus. However, in in vitro oocyte cultures, spontaneous GVBD regularly begins anywhere from 1 to 2 h of culture to 30 h of culture (Wessel et al., 2002) . Therefore, we chose two standard time points to assess the effectiveness of various tested reagents: 5 and 20 h postinjection. Comparison of the time course of oocyte (Saitou and Nei, 1987) . The branch length is proportional to the number of accumulated amino acid substitutions (bar: 0.05 substitutions per site). The number at each branching point represents the bootstrap probability that two lineages join together to form a cluster, calculated by neighbor-joining method (bold), or maximum parsimony method (italicized). Ap, Asterina pectinifera; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Hs, human; Lv, Lytechinus variegatus; Mm, mouse; Sp, Strongylocentrotus purpuratus; Xl, Xenopus laevis. GenBank, swissprot or EMBL accession numbers for the sequences used are as follows: human Gas (AAA53148); mouse Gas (AAA37745); Xenopus Gas (CAA39571); Drosophila Gas (AAA28579); C. elegans Gaq (AAB58071); human Gaq (AAG61117); mouse Gaq (AAA63306); mouse Ga11 (AAA63305); human Ga11 (AAM12614); starfish Gai (CAA47019); human Gai1 (AAH26326); Xenopus Gai1 (AAH42243.1); mouse Gai2 (P08752); human Gai2 (P04899); Drosophila Gai (RGFFA); Drosophila Ga12 (AAA82939); human Ga13 (AAH36756); mouse Ga13 (AAA37649); human Ga12 (AAA35867); mouse Ga12 (AAA37648). maturation in the injected and control groups of oocytes suggested that mastoparan functions promptly eliciting a phenotype at 4 -5 h post-injection (Fig. 6 ). To normalize for differences in the rates of control oocyte maturation between different experiments (Fig. 6 , experiments 1 and 2), we express our experimental data as percent of control maturation.
Maturation of sea urchin oocytes could only be enhanced by activation of Gi (Fig. 7) . Injection of mastoparan appeared to stimulate GVBD in a concentration-dependent manner (compare 5 and 10 mM; Fig. 7A ), while the concentrations above 25 mM were toxic to the cells, as evident by gradual onset of apoptosis in the injected group starting 1 -3 h postinjection. An inactive analog of mastoparan (mas17) did not enhance spontaneous oocyte maturation (nor was it toxic) at concentrations as high as 50 mM. The toxicity of mas7 could be the result of superphysiological levels of Gi activity, or the ability of mas7 to produce Giindependent effects at high concentrations, which include plasma membrane pore formation, and leakage of calcium into the cells (Suh et al., 1996) , or activation of phospholipase D2 (Chahdi et al., 2003) . Control injection (water) had no influence on oocyte maturation. Furthermore, to test whether the observed effects of mastoparan are due to activation of Gi signaling, we injected the oocytes with mastoparan in combination with pertussis toxin. Pertussis toxin ADP-ribozylates Gai specifically and prevents its activation (Manning, 1999) . We found a significant decrease in the rate of GVBD in such injected oocytes as compared with those injected with mastoparan only (P , 0:01 by Student's t-test). We concluded that as in starfish, maturation of sea urchin oocytes could be stimulated by activation of Gi.
To inhibit Gi-mediated signaling in cultured oocytes, we used pertussis toxin (earlier successfully employed in starfish; Fig. 7B ). At the concentration tested (0.2 mg/ml), we did not find any significant effect of the pertussis toxin on the oocyte maturation, when compared with mock-injection or injection of denatured pertussis toxin. The concentration we used is lower than the one previously reported to be efficient for inhibition of starfish oocytes' response to 1-methyladenine (Shilling et al., 1989) ; however, higher concentrations in our hands appeared toxic.
To test whether Gs or Gq activity was important for meiotic progression of sea urchin oocytes, we injected the cells with the antibodies to the C-terminal peptides or LG, late gastrula; Pr, prism; EP, early pluteus. pa, sample of blastula probed with antibodies that have been previously preadsorbed with antigenic peptide.
competitor C-terminal peptides to disrupt the interaction of the G-protein with the postulated upstream activating G-protein-coupled receptor. Injection of the antibodies inhibiting Gs signaling did not enhance oocyte maturation (Fig. 7C) . Instead, this antibody appeared to retard spontaneous oocyte maturation at 5 h post-injection when compared to the groups injected with the denatured antibody or mock-injected (P , 0:05 by Student's t-test). This is in contrast to previous observations in starfish oocytes, which failed to find an effect of anti-Gas antibodies on oocyte maturation (Gallo et al., 1995) . To assess whether the observed effect resulted from introduction of immunoglobulins into the oocyte, we injected the cells with antibodies to another G-protein, Gaq (Fig. 7D) . However, this injection did not significantly affect oocyte maturation. We conclude that inhibition of oocyte maturation is a specific effect of anti-Gas antibodies. Furthermore, a Gaq competitor peptide did not appear to affect oocyte maturation, consistent with Gaq being not involved in GVBD induction (Fig. 7D) . Anti-Ga12. (E) Preimmune serum (PrI; corresponding to anti-Gai); dilution and acquisition parameters are the same as in A; essentially the same results were obtained with other preimmune sera. (F) Anti-Gaiserum preadsorbed with 300 mM of competitor peptide (pa; same dilution and acquisition parameters as in A). All four Ga subunits are associated with cytoplasmic granules, distributed throughout the oocytes, and in some cases translocated to the cell surface of the mature eggs. Gai, Gas, and Gaq are each seen at the plasma membranes of oocytes (outlined). The germinal vesicle of oocyte is pointed out in A. sa, somatic tissue autofluorescence. . Mastoparan enhances spontaneous maturation of sea urchin oocytes in vitro. Percent of GVBD in the oocytes injected with the test reagent (10-15 oocytes per group) was determined at specified times, and plotted along with the percent of GVBD in the non-injected oocytes of the same experiment, at the same time points. Two representative experiments are shown ('1' and '2'). mas7-injection of 10 mM mastoparan, activator of Gi signaling; control, non-injected oocytes. The observed effect is most pronounced at 5 h post-injection.
Discussion
We found four Ga subunit classes expressed in sea urchin oocytes, Gai, Gaq, Gas, and Ga12. The number of Ga representatives varies in genomes of different organisms, so it is hard to say what we should expect from the sea urchin. The representative numbers of Ga genes are four in hydra (Suga et al., 1999) , six in Drosophila (FlyBase, 2003) , nine in the sponge Ephydatia fluviatilis (Suga et al., 1999) , 16 in human (Hamm, 1998) , and 20 in C. elegans (through the expansion of Gi-type family, Jansen et al., 1999) . Even though the nascent sea urchin genome analysis predicts additional Ga subtypes (e.g. Gao), the added variants could have limited domains of expression. For example, the numerous representatives of C. elegans Gai-type G-proteins are expressed almost exclusively in a small subset of chemosensory neurons (Jansen et al., 1999) , while out of all the various sea urchin tissues, we only explored the ovary. The expression levels of Ga subunits (both mRNA and protein levels) in many animals are differentially regulated during oocyte maturation and early embryogenesis, such as Gai in mouse and Drosophila (Provost et al., 1988; Allworth et al., 1990) , or Gai, Gao, Gaq, and Gas in Xenopus (Otte et al., 1992; Gallo et al., 1996) .
We find that activation of Gi-mediated signaling by mastoparan enhances the spontaneous maturation of sea urchin oocytes dissected from the ovary. We deduce that mastoparan indeed acts through Gi, since its activity can be prevented by pertussis toxin, a specific Gi inhibitor. This result is reminiscent of starfish oocyte, where activation of Gi in response to 1-methyladenine (1-MA) leads to resumption of meiosis (reviewed in Kishimoto, 1999) . However, the maturation-inducing hormone is not known in sea urchins, and these oocytes are not responsive to 1-MA (Berg and Wessel, 1997) . Resumption of maturation in response to Gi activation in sea urchin oocytes differs from that of starfish in a number of important ways. Activation of Gi signaling with mastoparan did not recapitulate the time scale of starfish oocyte maturation in response to 1-MA. The typical time response to 1-MA from hormone application to GVBD in starfish is 20 min, whereas in sea urchins, the most significant effect of mastoparan occurred several hours after microinjection (Figs. 6 and 7) . Furthermore, not all mastoparan-injected oocytes necessarily reenter meiosis even 20 h after microinjection. This could be interpreted in several ways. Mastoparan may not activate Gi to the same extent as the endogenous hormone, or may require prolonged incubations to exert its effect on Gi. It is also possible that Gi is not the physiological activator of meiosis in sea urchin oocytes, and therefore, Gi activation does not cause fast and complete (in 100% of oocytes) initiation of maturation. Finally, the time required in sea urchin oocyte to Reagents inhibiting Gq signaling. Antibody: injection of 100 mg/ml inhibitory antibody (native or denatured); mock-injected, injection of deionized water and control; mas7, injection of indicated concentration of mastoparan and activator of Gi signaling; mas17, injection of inactive analog of mastoparan; pertussis toxin, injection of 0.2 mg/ml pertussis toxin (native or denatured); mas 7(10) þ PTx, combined injection of 10 mM mas7 and 0.4 mg/ml pertussis toxin; peptide, injection of 50 mM inhibitory peptide. respond to hormone exposure or mastoparan and undergo GVBD might normally take longer than that of the starfish. To find out the physiological time required by the sea urchin oocyte to respond to maturation-inducing hormone by GVBD, one needs first to find if such a hormone exists. To determine if Gi were a physiological mediator of hormoneinduced oocyte maturation in sea urchin, it would be necessary to test whether the response to the hormone (if such exists) is inhibited by Gi inhibitory reagents.
Spontaneous maturation of sea urchin oocytes was not inhibited by pertussis toxin, an inhibitor of Gi signaling. Our interpretation of this result is that the sea urchin oocyte never receives a signal for spontaneous maturation and spontaneous entry into meiosis in these oocytes does not depend on constitutive (hormone-independent) basal level of Gi activity. In our experiments, treatment with mastoparan provides an artificial Gi signal increasing the rate of oocyte maturation. Pertussis toxin microinjection efficiently blocks this phenotype, suggesting that the toxin is active. Still, a possibility exists that in vivo, an inductive signal for maturation is present, but it is not mediated through Gi.
Another dichotomy between sea urchin and starfish appears to be in the involvement of Gs in the regulation of maturation. The inhibition of spontaneous maturation by anti-Gas antibodies in sea urchin oocytes is counterintuitive, since anti-Gas neither stimulated GVBD, nor inhibited the response of starfish oocytes to 1-MA (Gallo et al., 1995) . Furthermore, one of the expected effects of inhibition of Gs signaling is lowering of cytoplasmic cAMP levels, which would be expected to promote oocyte maturation. Nevertheless, the results of our experiments introducing denatured or non-relevant antibodies into the oocytes suggested that the observed effect is specific for anti-Gas.
Sea urchin oocytes dissected from the ovary exhibit a basal constant rate of spontaneous maturation (Berg and Wessel, 1997) and the reagents used in this study modify this rate either increasing (mastoparan) or decreasing it (anti-Gas). By 20 h, the control oocytes are able to enter meiosis in sufficient numbers (up to 100%) to become nearly equal to the experimental groups, in which entry into meiosis was facilitated by the test treatment. On the other hand, experimental group(s) with delayed entry into meiosis catch up by 20 h due to any of the following possibilities: entering meiosis in sufficient numbers, inactivation of the test reagents in the oocytes' cytoplasm, or cellular feedback negating the effects of test reagents. A similar phenomenon was documented for mouse oocytes where inhibitory effects of GTPgS were significant at 3 h post-injection, but not by 20 h post-injection (Downs et al., 1992) .
Is spontaneous maturation different from hormonedependent maturation? The only animal where many experiments have been done to address this question is the mouse. Mouse oocytes will spontaneously enter meiosis when dissected from the ovary, much like sea urchin oocytes. However, a follicle fluid sterol (called FF-MAS) was identified in a screen for the substances able to induce maturation of mouse follicle-enclosed oocytes (Byskov et al., 1995) . Detailed analysis of cell signaling pathways comparing spontaneous and FF-MAS-induced maturation indicated that the pathways differ significantly between these mechanisms (Grondahl et al., 2000; Faerge et al., 2001) . It is of interest that starfish oocytes of a number of species exhibit a significant degree of spontaneous maturation when dissected form the ovary, up to 10 -15% GVBD in the first 90 min (Schuetz, 1971) . Since the signaling mechanisms of starfish response to 1-MA are known, it would be instructive to test whether the same signaling pathways contribute to spontaneous maturation as well.
How is the G-protein signaling input translated into the decision of the oocyte to activate maturation-promoting factor (MPF, a complex of cyclin B and cdk1) and resume meiosis? Recently, Wessel et al. (2002) concluded that elevated levels of cAMP can keep sea urchin oocytes from entering meiosis spontaneously. Gi-family G-proteins regulate adenylate cyclase, which is the enzyme-sustaining cytoplasmic cAMP levels, and activation of Gi signaling by mastoparan is expected to cause inhibition of adenylate cyclase. This in turn will cause reduction of cAMP levels, leading to decreased protein kinase A (PKA) activity. When active, PKA is able to phosphorylate and inhibit MPFactivating phosphatase cdc25 (Duckworth et al., 2002) , therefore, PKA inactivation would contribute to MPF activation, and enhance oocyte maturation. Incidentally, the spontaneous decrease in cAMP levels during in vitro culture appears to be the cause of meiotic resumption in isolated mouse oocytes (Schultz et al., 1983) though the cAMP levels have not been reported for sea urchin oocytes. Inhibition of Gs signaling by anti-Gas antibody is believed to inhibit adenylate cyclase, and thus stimulate maturation, however, we do not observe such an effect. Another consequence of Gs inhibition is the decrease in the amount of free bg subunits in the oocyte. Free bg subunits could be inhibitory to certain types of adenylate cyclase enzyme (Simonds, 1999) . Furthermore, bg complex is the key signaling intermediate in starfish response to 1-MA, leading ultimately to activation of Akt/PKB kinase (Jaffe et al., 1993; Okumura et al., 2002) . It is possible that decreasing the basal levels of available bg in the oocyte reduces the basal Akt/PKB activity resulting in overall inhibition of MPF, and ultimately suppressed oocyte maturation.
Experimental procedures
Reagents. All supplies were purchased from Sigma (St Louis, MO), unless otherwise noted.
Animals. L. variegatus were obtained from the Duke University Marine Laboratory (Beaufort, NC) or collected in Tampa, FL. S. purpuratus were obtained from Charles Hollahan (Santa Barbara, CA). Females were shed by KCl (0.5 M) injection and ovaries were then removed and minced in artificial sea water (ASW; Coral Life Scientific Grade Marine Salt; Energy Savers Unlimited, Inc, Carson, CA). L. variegatus oocytes were isolated and cultured in ASW at 22 8C.
Cloning procedures. Degenerate PCR was performed on the S. purpuratus ovary cDNA library (described in Wessel et al., 1998) with primers designed to the conserved GTPase regions of Ga subunits: primers 5 0 -TIYTIYTIGGIGCIG-GIGA-3 0 and 5 0 -TCYTTYTTRTTIARRAA-3 0 were used for the first round of amplification, and primers 5 0 -AARWSIA-CIATHGTIAARGA-3 0 and 5 0 -CKYTGICCICCIACRTC-3 0 were used for the nested round of amplification. The amplification products were cloned into pGEMT-Easy (Promega, Madison, WI). DNA sequencing was performed by the macromolecular sequencing facility at Brown University or at the University of California, Davis, using ABI 377 prism automated sequencers (Perkin -Elmer, Foster City, CA). Initial isolated fragments were used to screen the mentioned cDNA library by low-stringency plaque hybridization, and design gene-specific primers for 5 0 and 3 0 RACE procedures. Both approaches were also employed to screen a L. variegatus ovary cDNA library (the library is described in . These approaches resulted in the isolation of Gai, Gaq, and Ga12. A partial S. purpuratus Gas genomic sequence was found in the sea urchin genome project (http://sugp.caltech. edu/), and gene-specific primers were used to screen both cDNA libraries. The consensus sequences of the cDNAs resulting from the above screens are entered in the GenBank (accession numbers are AY534103 (SpGai), AY534104 (LvGai), AY534108 (SpGaq, long form), AY534109 (SpGaq, short form), AY534107 (LvGaq), AY534105 (SpGas), AY534106 (LvGas), AY534101 (SpGa12), and AY534102 (LvGa12)).
RNA analysis. Northern blot analysis for Ga subunit mRNA expression during development was performed as described (LaFleur et al., 1998) using 10 mg of total RNA from S. purpuratus ovaries, eggs, and embryos at several developmental stages.
32 P-labeled probes corresponding to ORFs of S. purpuratus Ga subunits or 3 0 -UTR of L. pictus ubiquitin (Gong et al., 1991) were synthesized with RTS RadPrime DNA Labeling system (Gibco Life Technologies, Inc., Gaithersburg, MD) according to kit directions. The loading levels of RNA were ascertained by OD 260 measurements of the RNA samples, the intensity of ethidium bromide staining of rRNA bands, and ubiquitin hybridization. The hybridization signal intensities were quantified by NIH Image software, and the values for Ga subunits were normalized to the ubiquitin values. For graphic representation of these data, the maximum normalized intensity of each Ga subunit was set to 100%, and the remaining values were scaled accordingly.
Immunological approaches. To design peptide antigens for specific G-proteins, we utilized the sea urchin Ga subunit sequence information. C-terminal peptides (FDAVTDVIIKNNLKD for Gai, QLNLKEYNLV for Gaq, and QENLKRLMLQ for Ga12, with N-terminally added cysteines) synthesis, BSA coupling, and generation of polyclonal serum against the peptides in two rabbits each were performed by Sigma Genosys (The Woodlands, TX). Antibodies to Gaq used in immunoblots were subsequently affinity-purified by linking the peptide immunogen to agarose beads (Pierce Sulfolink kit, Rockford, IL) and sequentially binding and eluting the antibody as per the manufacturer's protocol. Anti-Gas antibodies (against C-terminal peptide RMHLRQYELL) were purchased from two different suppliers: Upstate Biotechnology (Lake Placid, NY; protein A-purified) and EMD Biosciences, Inc. (San Diego, CA; whole serum). Both antibodies produced similar results on immunoblots. Prior to use, the specificities of antibodies were ascertained on a matrix of Ga subunits expressed in bacteria (data not shown; the antibodies showed no Ga crossreactivity).
Electrophoresis and immunoblot analysis. Protein samples of S. purpuratus eggs and several embryonic stages were prepared by resuspending the cell pellet in SDS-PAGE sample buffer and denaturing for 5 min at 100 8C in the presence of 20 mM DTT. Samples were then subjected to SDS-PAGE followed by immunoblot analysis. For each analysis, 90 mg of each protein sample was resolved on a 4 -20% PAGE gradient gel (Gradipore, Inc., Hawthorne, NY) and either stained with Coomassie Blue or transferred to nitrocellulose for immunolabeling. Blots were preblocked by incubation in blotto (50 mM Tris -Cl, pH 7.5, 0.18 M NaCl, 0.05% Tween 20, 3% non-fat dry milk) for at least 15 min. Antibodies were diluted in blotto (1:200 for anti-Gai serum, 1:100 for anti-Gas serum, 1:100 for anti-Ga12 serum, and 9.09 mg/ml for affinity-purified anti-Gaq) and applied to the nitrocellulose overnight at 4 8C. Prior to application to the blot, the anti-Gas antibody was preblocked by incubation for 1 h at room temperature with KLH (140 mg/ml) and then cleared by centrifugation at 14,000 rpm for 10 min. The blots were then washed in blotto three times over at least 20 min. The secondary alkaline phosphatase-conjugated goat antirabbit IgG was diluted 1:30,000 in blotto, and applied to the nitrocellulose for 1 h at room temperature. Blots were washed in blotto two more times, and then washed in TBST (50 mM Tris -Cl, pH 7.5, 0.18 M NaCl, 0.05% Tween 20) once, each wash lasting at least 5 min. Signal detection was carried out with BCIP/NBT development. For peptideblocking experiments, the diluted antisera were incubated for 1 h with 300 mM antigenic peptides and then cleared as above. The signal intensities were quantified using NIH Image software.
Immunolocalizations. Immunofluorescence localization was performed on 5 mm paraffin sections of S. purpuratus ovaries that were fixed and processed as previously described (Laidlaw and Wessel, 1994) . Antibodies against G-proteins or preimmune sera were diluted 1:1000 for anti-Gai, 1:500 for anti-Gaq, 1:100 for anti-Ga12, and 1:200 for anti-Gas in TBST. Peptide-blocking experiments were performed as described above. The secondary antibody (Cy-3 conjugated affinity-purified goat anti-rabbit IgG; Jackson Research Laboratories, Westgrove, PA) was diluted 1:300 in TBST. Signals were visualized and recorded by laser-scanning microscopy with a Zeiss LSM 410 confocal microscope (Zeiss, Inc., Thornwood, NY) with appropriate filters.
Oocyte microinjection. L. variegatus oocyte injections were performed as described (Kiehart, 1982; Jaffe, 1999; . GV oocytes were placed in a modified Kiehart chamber in ASW, and injected with appropriate solutions that never exceeded 5% of the cell volume. An oil droplet of dimethylpolysiloxane or a 0.1 mg/ml solution of fluorescent dextran (labeled with rhodamine; Molecular Probes, Inc., Eugene, OR) was co-injected into cells as a marker, and the cells were then incubated at 22 8C.
The competitor peptide for microinjection for Gaq (LQLNLKEYNLV) was designed based on obtained sea urchin sequence information, synthesized by Sigma Genosys, and resuspended at 10 mM in deionized water. Mastoparan (Mas7) and the inactive analog (Mas17) were purchased from Biomol (Plymouth Meeting, PA), and resuspended for microinjection in deionized water at 10 mM. Pertussis toxin (A-subunit) was purchased from Biomol, resuspended for microinjection in deionized water, and activated prior to injection by incubation at 35 8C with 50 mM DTT, as previously described (Shilling et al., 1989) . Toxin was injected to the final concentration of 0.2 mg/ml in the oocyte cytoplasm; the higher tested concentration (1 mg/ml) appeared toxic to the oocytes. Protein A-purified anti-Gas antibodies (native or denatured) were injected to the final concentration of 100 mg/ml. Anti-Gaq antibodies for microinjection were purified on protein A-sepharose, exchanged into the injection buffer (300 mM glycine, 10 mM Hepes, pH 7.0), and concentrated with a Centricon centrifugal filter device, 30 kDa cutoff size (Millipore, Bedford, MA). The final concentration of the injected antiGq antibodies was 100 mg/ml.
At 5 and 20 h after microinjection, injected and control oocytes were observed under the microscope to determine if they had undergone GVBD and to assess viability of the cells. If GVBD in the control group was 0% at 5 h, or less than 50% at 20 h, the results from injections into oocytes from that female were discarded, 52% of sea urchin females we tested were unacceptable by these criteria, likely due to heterogeneity in their reproductive cycles and conditions. Discounting these, the rate of spontaneous GBVD in control uninjected oocytes was 13 -25% GVBD at 5 h, and 50-100% GVBD at 20 h. In all groups, some oocytes were damaged by microinjection, and subsequently died. These oocytes were not included in the data set. Overall, our survival rate was 30-80%. Survival rates were independent of types of injected reagents at the concentrations reported.
